From the perspective of protein biosynthesis, the endoplasmic reticulum (ER) can be viewed as a processing plant for folding and posttranslational modification of secreted and integral membrane proteins. At any given time, the load of client proteins that the ER must handle is set by developmental programs and modulated by physiological considerations. Specific signaling pathways and effector mechanisms have evolved to deal with the temporal and developmental variation in ER load experienced by different cells in mutlicellular organisms. The upstream signal that activates these pathways is referred to as ER stress and is defined functionally as an imbalance between the load of client proteins facing the ER and the organelle's ability to process that load. ER stress can be provoked by a variety of pathophysiological conditions, for example, ischemia, hyperhomocystinemia, viral infections, and mutations that impair client protein folding (1) (2) (3) (4) . However, the phenotypes of mutations affecting components of the ER stress-response machinery reveal that ER stress is also a normal physiological phenomenon (reviewed in ref. 5 ).
Normal and pathological ER stress responses
The cellular response to ER stress has three main functional components ( Figure 1 ). The first to be recognized was the upregulation of the secretory pathway's capacity to process client proteins. That response entails the transcriptional upregulation of a coordinately expressed set of genes encoding ER chaperones, enzymes, and structural components of the ER and came to be known as the unfolded protein response (UPR) (ref. 2 ; also see Kaufman, this Perspective series, ref. 6 ). The second component of the ER stress response, which represents the focus of this article, entails repression of protein biosynthesis, an adaptation aimed at lowering the load of client proteins the ER must process. The third, less well-characterized aspect of the ER stress response causes programmed cell death, and its workings will be reviewed here to the extent that it intersects with translational control.
Over ten years ago, the Brostrom and Kaufman laboratories recognized that exposing cells to conditions that promote ER stress leads to a rapid decrease in protein biosynthesis. They noted, too, that this was associated with phosphorylation of eukaryotic translation initiation factor 2 on serine 51 of its α subunit (eIF2α) and inhibition of the initiation step in polypeptide biosynthesis (reviewed in ref. 7) . Genetic and biochemical studies had previously defined the mechanism by which eIF2α phosphorylation inhibits the initiation step in protein biosynthesis: In its GTP-bound form, the eIF2 complex recruits the charged initiator methionyl-tRNA to the small ribosomal subunit. The GTP in this ternary complex is hydrolyzed following recognition of an AUG codon on the translated mRNA, so, in order to reutilize eIF2 for another round of translation, the associated GDP must be exchanged for GTP. Phosphorylation of eIF2α inhibits eIF2B, the exchange factor charged with this task. Thus, phosphorylation of eIF2α turns out to be a convenient means to control translation initiation, and specific eIF2α kinases have evolved to couple upstream signals to this pivotal event (8, 9) . For example, PKR, which is activated by doublestranded RNA, phosphorylates eIF2α during viral infection (10) , and GCN2 and HRI play the equivalent role in amino acid-starved cells and heme-deprived reticulocytes, respectively (8, 11, 12) .
Translational repression by PERK
A kinase linking ER stress to eIF2α phosphorylation was eventually identified (13) . The protein in question, PERK (for pancreatic ER kinase or PKR-like ER kinase), is an ER-resident type I transmembrane protein whose N-terminal lumenal domain is sensitive to the upstream ER stress signal and whose C-terminal cytoplasmic domain directly phosphorylates eIF2α (13, 14) . The stress-sensing domain of PERK is distantly related to that of IRE1, a different ER stress transducer that activates gene expression in the UPR (13, 15) (15, 16) . This model for PERK activation explains the coupling between folding capacity in the ER lumen and polypeptide biosynthesis on the other side of the membrane. As long as there is dispensable BiP to bind and inactivate PERK, translation and translocation of client proteins continue apace. However, when folding capacity of the ER is exceeded, PERK is activated, eIF2α is phosphorylated, and protein synthesis and client protein translocation into the ER lumen are attenuated.
PERK is both necessary and sufficient for this regulation, as activated PERK directly phosphorylates eIF2α, and Perk -/-cells lose ability to control translation in response to ER stress (17) . Furthermore, PERK activation, eIF2α phosphorylation, and inhibition of protein synthesis occur within minutes following the development of ER stress (13, 17) . By contrast, the activation of UPR target genes does not begin until 1-2 hours later. Thus, PERK activation and translational control are likely to be the first line of defense against ER stress. In the experimental systems used to study the UPR, PERK-mediated translational repression is global, affecting the translation of both cytoplasmic and ER client proteins. It is possible, however, that in physiological conditions and with more moderate levels of stress, PERK selectively targets a pool of eIF2α that services initiation on ER-associated ribosomes.
Loss of PERK activity has severe consequences for the ability of cells to resist ER stress. Perk -/-cells are hypersensitive to the lethal affects of toxins like tunicamycin and thapsigargin that cause ER stress by perturbing the folding of ER client proteins. This increased susceptibility to agents that cause ER stress correlates with the observation that the parallel IRE1 pathway is hyperactive in Perk -/-cells, an indication that these cells experience more ER stress (17) . While the mediators of death in ER-stressed Perk -/-cells are not known, these cells experience more activation of caspase-12 (17) , which has been implicated in this apoptotic response (18) .
The only known substrates of PERK's kinase activity are PERK itself and eIF2α. The phenotype of cells in which eIF2α has been rendered incapable of undergoing phosphorylation by PERK (eIF2 αS51A knock-in cells) suggests that from the perspective of hypersensitivity to ER stress, both genes function in a linear pathway (19) . Furthermore, the hypersensitivity of Perk -/-cells to ER stress can also be partially rescued by inhibiting protein synthesis (17) . Together, these findings suggest that loss of translational control and the resulting inability to match client protein load to folding capacity render cells hypersensitive to ER stress.
Physiological roles of PERK
Perk -/-knockout animals are indistinguishable at birth from wild-type littermates, but over time they spontaneously develop a phenotype that is consistent with hypersensitivity to physiological levels of ER stress, resulting in the progressive destruction of several cell types that are normally engaged in a high level of protein secretion. Most notable among these are the endocrine and exocrine cells of the pancreas and collagen I-secreting osteoblasts (20, 21) . The destruction of these cells in the Perk knockout animals leads to diabetes mellitus, malabsorption, and a severe bone defect. Interestingly, similar findings are observed in rare cases of mutations in the human EIF2AK3 (PERK) gene, a cause of the Wolcott-Rallison syndrome (22, 23) .
The effects of the PERK mutation on translational control in insulin-secreting pancreatic β cells have been examined in some detail. In these cells, ambient glucose levels tightly control protein biosynthesis such that a switch from physiologically low glucose to high glucose concentration is associated with a marked increase in total protein and insulin biosynthesis. The media-
Figure 1
The functional components of the mammalian ER stress response. An imbalance between load of client proteins imposed on the ER and its capacity to fold them triggers a tripartite stress response. Genes whose products increase the functional capacity of the ER or enhance ER-associated protein degradation are activated. Translation is inhibited, and the flux of client proteins is thereby attenuated. Cell death pathways are activated. The first two components of the response enhance the resistance of cells to ER stress, whereas the last component is presumably adaptive at the organism level.
tors of this physiological increase in translation are not fully understood, but it is believed that the increase in insulin biosynthesis plays a role in replenishing hormone stores. Islets explanted from both wild-type and Perk -/-animals exhibit this glucose-dependent increase in insulin biosynthesis, but the effect is consistently more pronounced in islets from the mutant strain (20) .
These observations suggest a model whereby PERK activity modulates protein biosynthesis in response to physiological levels of ER stress. In the context of the β cell, the induction of ER stress is a physiological consequence of the glucose-mediated increase in client protein biosynthesis. The loss of PERK's modulatory activity leads to an inappropriate load on the β cell ER, a load imposed by the translocation of client proteins into an organelle whose chaperones are already saturated with client proteins. We imagine that the translocation and subsequent folding of even a small amount of surplus client proteins in an environment that is functionally deficient in chaperones can allow these surplus client proteins to assume conformations that are rarely encountered normally and that can thus serve as proteotoxins (24) (25) (26) . Ultrastructurally, the cells of the affected Perk -/-tissues have characteristic changes in their ER that include the deposition of large quantities of electron-dense material in the lumen (20, 21) . The identity of this lumenal material is not known, but it is appealing to speculate that it represents malfolded client proteins that had been translocated into an ER lacking sufficient chaperone activity.
This model stresses the role of PERK in adapting to physiological increases in protein biosynthesis, but PERK is also activated by other perturbations in ER function. In cultured cells and in ischemic tissue, hypoglycemia and hypoxia will also activate the UPR (1, 3) and induce PERK phosphorylation (27) . It is therefore possible that PERK also plays a role in the normal repression of protein biosynthesis observed in β cells cultured in low glucose (discussed in refs. 19, 28) . In most cells, activation of PERK and the UPR requires pathological levels of hypoglycemia, whereas repression of insulin biosynthesis in β cells is observed at physiologically low concentrations of glucose. It is possible, however, that the special glucose transport properties of β cells cause PERK to be activated at physiologically low glucose levels (29) . This would explain the finding that PERK target genes such as CHOP (see below) are active in islet cells cultured in physiologically low levels of glucose (30) .
The propensity of mice and humans with PERK mutations to develop diabetes mellitus suggests that the endocrine pancreas may be especially sensitive to ER stress. If so, one might wonder about the role of ER stress in the pathogenesis of more common forms of diabetes mellitus. If the driving force for ER stress in the β cell is the physiological load of client proteins, it is reasonable to expect that the attendant ER stress would be considerably greater in individuals who go on to develop type 2 diabetes mellitus, as insulin resistance would call for more hormone biosynthesis. A
Figure 2
Signaling in the integrated stress response (ISR). ER stress, nutrient deprivation, oxidative stress, and hibernation are all associated with elevated eIF2α phosphorylation. The first two activate known eIF2α kinases, whereas the others act through unknown mechanisms. Phosphorylation of this factor inhibits translation of most mRNAs, leading to a decline in protein synthesis rates. Paradoxically, the translation of the transcription factor ATF4 is increased, increasing the transcription of specific target genes under conditions of ER stress. Expression of one of these target genes, GADD34, may set the stage for the resumption of mRNA translation after ER stress is resolved.
chronically low level of ER stress might contribute to the decline in β cell function or β cell mass that leads to metabolic decompensation after years of insulin resistance in the type 2 diabetic. The Akita mouse, which carries a mutation that causes insulin-2 to malfold in the ER, offers independent confirmation of the deleterious effects of chronic ER stress on β cell survival and function (31, 32) .
There are very interesting parallels between PERK and another eIF2α kinase, HRI, in terms of their role in preventing proteotoxicity. HRI is activated in erythrocyte precursors under conditions of heme deficiency. As a consequence, globin biosynthesis is attenuated when its prosthetic group, heme, is in limiting supply. Under normal conditions, HRI is entirely dispensable, and knockout mice have no discernibly distinct phenotype. However, if heme production is limited by even mild iron deficiency, the Hri knockout mice develop a severe thalassemia-like syndrome with marked intramedullary destruction of erythroid precursors, a result of free globin chain aggregation; wild-type cells, in contrast, can attenuate globin synthesis appropriately to match availability of its prosthetic group (33) . Thus, the non-liganded globin becomes a proteotoxin in iron-deficient Hri -/-cells, just as the excess ER client proteins translocated into a saturated ER are converted to proteotoxins in Perk -/-cells.
Cellular homeostasis and the integrated stress response
These similarities suggest that the eIF2α kinases HRI and PERK evolved not because of a need to economize and conserve resources, but rather to guard against proteotoxicity by insuring that protein biosynthesis does not exceed the folding capacity of the cytoplasm or the ER. Complicating this simple picture are findings pointing to a major role for PERK in activated gene expression in the UPR. In the bipartite UPR pathway shown in Figure 2 , PERK controls translation, whereas IRE1 and ATF6 control activated gene expression. Because IRE1 is hyperactive in Perk -/-cells, this model would predict that mutations that impair PERK signaling should result in higher levels of ER stress-induced gene expression. Surprisingly, Perk -/-cells and cells homozygous for an eIF2 αS51A knock-in allele both have severe defects in activating UPR target genes (11, 19) . The expression of some UPR target genes, such as CHOP (also known as GADD153) and GADD34, is nearly completely blocked by mutations that interfere with PERK signaling, whereas the expression of other genes such as BiP is attenuated approximately twofold (11, 19, 34) .
A plausible mechanism for linking PERK activity and eIF2α phosphorylation with stress-induced gene expression builds on the surprising observation that translation of the transcription factor ATF4 is strongly dependent on both responses (11, 19, 34) . The ATF4 mRNA, which is constitutively expressed in many cells, has several small open reading frames at its 5′ end that are out of frame with the main protein-coding region. These so-called upstream open reading frames (uORFs) mediate basal repression of ATF4 translation, but, under conditions of eIF2α phosphorylation and limited ternary complex formation, the ATF4 mRNA is translated more efficiently. Thus, expression of ATF4 in ER-stressed cells is dependent on PERK-mediated phosphorylation of eIF2α (11, 19) .
The manner in which eIF2α phosphorylation regulates ATF4 expression resembles the manner in which the yeast eIF2α kinase GCN2 controls expression of the transcription factor GCN4 to effect stress-induced gene expression in amino acid-starved yeast (the socalled general control response) (35) . In mammalian cells, too, ATF4 is expressed in response to other forms of stress, including amino acid starvation, which induces the eIF2α kinase GCN2 rather than PERK (11). It appears therefore that ATF4 (and perhaps other mRNAs that might be coregulated translationally) participates in the mammalian equivalent of the yeast general control response. In mammalian cells, eIF2α is phosphorylated in response to different stress signals and by different eIF2α kinases; therefore the signaling pathway that culminates in ATF4 expression integrates different stress signals. We propose that all of these responses, including all aspects of the UPR that follow from eIF2α phosphorylation, be referred to as the integrated stress response (ISR).
It is not known how many of the genes whose expression is impaired in the PERK knockout and eIF2α S51A knock-in cells are ATF4-dependent. The expression of at least of one gene, Chop, can be fully rescued by expressing ATF4 protein in ER-stressed Perk -/-cells (11) . This rescue experiment also offers an additional important lesson in that ATF4 is necessary but not sufficient to promote Chop expression; other, PERK-independent stress signals are clearly required. The interrelatedness of the ISR and other signaling pathways active in the UPR is nicely demonstrated by the case of XBP-1, a transcription factor that acts downstream of IRE1 in the mammalian ER stress response. While non-canonical splicing of XBP-1 mRNA by activated IRE1 is an absolute requirement for expression of the encoded protein (36) , transcription of this mRNA depends on both the ISR and the activation of ATF6 (36, 37) . Therefore, the ISR indirectly affects signaling by other major UPR signaling pathways. It is not known at this point whether all such interactions converge on ATF4 or whether other components of the ISR also play a role in stress-induced gene expression.
The impact of the ISR on activated gene expression in the UPR may have important functional consequences. Impaired activation of BiP and other ER chaperoneencoding genes in Perk -/-and eIF2α S51A knock-in cells is likely to contribute to their hypersensitivity to ER stress, as overexpression of BiP promotes resistance to ER stress, whereas diminished expression of this chaperone leaves cells hypersensitive to damage of this type (38, 39) . A relative lack of chaperones may be strongly synergistic with loss of translational control, as both factors would increase the imbalance between client protein load and folding capacity of the ER.
In addition to its effect on transcriptional activation of stress-induced gene expression, the ISR may also have an important role in the last, translational step of stress-induced gene expression. The two functional arms of the UPR are seemingly at odds with one another, in that PERK activity moderates ER stress by reducing client protein load, while eIF2α phosphorylation and diminished ternary complex formation interfere with the expansion of ER capacity, which depends on translation of mRNAs for chaperones and other ER constituents. Part of this problem is relieved by special features of UPR target mRNAs that render them more readily translated under conditions of limiting ternary complex availability. For example, the BiP mRNA has an internal ribosome entry site that may allow it to compete more successfully for limiting amounts of charged small ribosomal subunits (40) . Nonetheless, our measurements of BiP mRNA translation suggest that this mechanism does not fully compensate for translational repression during ER stress (5) .
Early studies by the Brostrom and Kaufman laboratories called attention to the fact that eIF2α phosphorylation and translational repression during stress are usually transient (7) . Translational recovery may be very important to stress resistance, as, in animal models of ischemic stroke, it has been observed that translation recovers in all but the most vulnerable areas of the brain (41, 42) . However, the mediators of translational recovery in stressed cells remain unknown. We have recently identified an ISR target gene, GADD34, which encodes a regulatory subunit of protein phosphatase 1, an enzyme that dephosphorylates eIF2α serine 51 (34) . Thus, the seeds of translational recovery are sown during the phase of translational repression, and the ISR carries with it an intrinsic mechanism for its own reversal. The known properties of GADD34 make it particularly attractive as an agent of translational recovery, since it escapes translational repression when eIF2α is phosphorylated (Peter Sarnow, unpublished observations). GADD34 mRNA, like that of ATF4, has small uORFs. Based on these findings, one would expect cells lacking GADD34 to be impaired in their ability to translate mRNAs that are induced transcriptionally during the stress response, a prediction that remains to be tested.
Apoptosis in ER-stressed cells
The components of the ISR mentioned so far are all geared toward promoting survival of stressed cells, but at least one target gene of the response is strongly implicated in programmed cell death. CHOP is a transcription factor that is markedly induced by ER stress and other conditions that activate the ISR. Overexpression of CHOP promotes cell-cycle arrest and/or cell death (43, 44) , and mutations that impair its activity can protect cells from programmed cell death induced by ER stress (32, 45, 46) . CHOP represses one class of genes (47) and activates another (48) , but it is not known how these changes in target gene expression relate to the development of programmed cell death. It is also important to point out that, on balance, the ISR seems more concerned with promoting survival of stressed cells than with affecting death, particularly in light of evidence that Perk -/-knockout and eIF2α S51A knock-in cells are hypersensitive to ER stress despite their inability to induce CHOP activity under these conditions (11, 17, 19) .
The survival benefit provided by signaling in the ISR may extend beyond resistance to ER stress. The Schubert laboratory has recently demonstrated that mutations that impair eIF2 function (and thereby mimic the effects of eIF2α phosphorylation) can provide powerful protection against the oxidative stress that accompanies glutamatergic neurotoxicity (49) . Moreover, the Hallenbeck laboratory has called attention to the fact that hibernation, one of the most stress-resistant states known in mammalian physiology, is associated with marked eIF2α phosphorylation and suppression of translation initiation (50) . It is tempting to speculate that the ISR, with its translational and transcriptional components, plays a broad role in life and death decisions in stressed cells.
